INTRODUCTION
============

The ability to achieve precise organization of nanoparticles (NPs) in three-dimensional (3D) space is an important goal of research in the soft matter field. Template-based NP assembly offers a powerful and straightforward strategy for NP organization ([@R1]). A variety of templates, including nanotubes ([@R2]), block copolymers ([@R3]), viruses ([@R4]), and droplets ([@R5]), to name just a few, have been used to arrange NPs in structures that were predetermined by the template shape or structure. One of the promising approaches to NP assembly uses assembly in topological defects in liquid crystals (LCs). Defects represent distorted regions of the LC director, which cannot be transformed into a uniform state by continuous deformation ([@R6]). Defects have a core, in which the orientational LC order is different from that far away from the core ([@R7]). NPs added to an LC compartmentalize into the defect core to minimize the free energy of the system ([@R8]), thus assembling in chains ([@R9], [@R10]) and 2D lattices ([@R11], [@R12]).

Equilibrium states of confined volumes of LCs can contain defects that are stable because of the boundary conditions ([@R13]). In particular, spherical LC droplets have stable topological defects that are governed by the interplay of elastic and surface energies ([@R14]). Defects in nematic LC droplets have been used to position micrometer-size particles at two opposite droplet poles ([@R8]).

In cholesteric (Ch) LCs, the local director undergoes helicoidal twisting around a helical axis while being perpendicular to this axis. Continuous twist can be described as a 1D set of locally parallel "pseudolayers", with a well-defined pitch but no modulation of density ([@R6]). A pseudolayer is defined as a surface of a constant phase of the twist ([@R6]). Ch LCs confined in spherical droplets exhibit a series of defects ([@R15]--[@R17]). For example, when the Ch pitch *P* is larger than the droplet diameter *D*, the defects resemble those in the nematic phase; however, when *P* ≪ *D*, two new types of defects can be observed: a point defect formed by the radial field of the helicoidal axis ([@R14], [@R18]) and the disclination lines running in the radial direction from the core of the point defect to the droplet surface ([@R14], [@R15], [@R19]).

Recently, micrometer-size droplets of a colloidal Ch LC formed by a chiral nematic aqueous suspension of cellulose nanocrystals (CNCs) have been reported ([@R20]--[@R23]). In marked difference with droplets formed by thermotropic Ch molecules, \~100-μm-size Ch-CNC droplets with *P* ≪ *D* exhibited a large micrometer-size isotropic core and a Ch shell of concentrically packed Ch-CNC pseudolayers, which was pierced with disclinations. This core-shell morphology of lyotropic Ch LC is similar to the one obtained in the droplets of thermotropic LC ([@R24], [@R25]). Our group showed that polymer and inorganic NPs loaded in these core-shell droplets strongly compartmentalize into the isotropic core ([@R23]) and the radial disclinations ([@R20]). In other words, the Ch-CNC droplets with spherical packing of pseudolayers and radial disclinations served as efficient templates to control organization of guest NPs.

In the present work, we describe a previously unknown phenomenon in the self-assembly of NPs in Ch-CNC droplets, which can be called an "interactive morphogenesis". More specifically, we show that not only the liquid crystalline medium can control NP self-assembly, as reported previously for CNC-based LCs ([@R20], [@R23]) and for thermotropic LCs ([@R26]--[@R39]), but that the NPs can alter the morphology of the surrounding LC host. Furthermore, we show that the interactive morphogenesis of an LC host and magnetic NPs can be manipulated by applying an external magnetic field.

The present study was performed for relatively "small" Ch-CNC droplets with a diameter of \~20 μm. The CNCs in these droplets have tangential surface anchoring, with the director being parallel to the interface ([@R23]). In contrast to the "large" droplets studied previously ([@R20], [@R23]), small droplets contain only a few pseudolayers of Ch-CNCs, with *D*/*P* ≈ 3, and exhibit a different morphology, that is, in the absence of NPs, these pseudolayers form a so-called hybrid flat-ellipsoidal structure, with the central pseudolayers being practically flat rather than spherical. Furthermore, the small Ch-CNC droplets contain defects that differ from those of the large droplets.

For 20-μm-diameter droplets, we found the phenomenon of interactive morphogenesis. The morphology and defects of the Ch-CNC droplets were changed by varying NP concentration. This effect provided the capability to generate NP assemblies with programmable shapes. At a small volume fraction, φ~NP~, NPs followed the template of the flat-ellipsoidal structure and formed two conical-shaped inclusions at the droplet poles. As φ~NP~ increased, the NP assemblies acquired the shape of a toroidal ring (TR). Further increase in φ~NP~ triggered complete reorganization of both the Ch-CNC and NP assemblies. The droplet morphology changes from the hybrid flat-ellipsoidal type to the core-shell type, with NP partitioned into the droplet core and radial disclinations. This interactive behavior is demonstrated for polymer (latex) and magnetic NPs. In the case of magnetic NPs, we expand control of their assembly to a new level by using a magnetic field. We show that the NPs can be shifted to one side of the droplets with a concominant restructuring of the spherical Ch-CNC pseudolayers back to the flat-ellipsoidal configuration. Last, using the magnetic field to determine the location of magnetic NPs in the host Ch-CNC droplets, we achieve two different modes of droplet assembly, namely, linear and staggered chains.

RESULTS AND DISCUSSION
======================

NP-free Ch-CNC droplets
-----------------------

Before NP loading in droplets, we studied the morphology of latex-free 20-μm-diameter Ch-CNC droplets. A suspension of negatively charged, rod-like CNCs with an average length and diameter of 176 ± 36 and 21 ± 6 nm, respectively (fig. S1A), and the CNC volume fraction of 0.046, was equilibrated for 21 days (no ultrasonication was applied to the suspension before the equilibration). Following the equilibration, the suspension phase-separated into an isotropic top phase and a Ch bottom phase with a pitch of \~6 μm and the CNC volume fraction of φ~0~ = 4.8 × 10^−2^. Later in the text, we refer to this Ch phase as to the Ch-CNC suspension. The Ch-CNC suspension was separated and emulsified in a microfluidic flow-focusing device (fig. S2) ([@R40]). Droplets with a diameter of \~20 μm and polydispersity of \<10% were generated in fluorinated oil containing 0.5 weight % (wt %) of perfluoropolyether-*co*-poly(ethylene oxide-*co*-polypropylene oxide)-*co*-perfluoropolyether (denoted as F-oil). Following the emulsification, the droplets were equilibrated for 72 hours in a sealed fluid cell with a height of 400 μm.

We examined the texture of the droplets by polarized optical microscopy (POM). The textural appearance of the droplets depended on their orientation with respect to the optical axis of the microscope. We used the Cartesian coordinate (*x*, *y*, *z*) system, in which the *z* axis was aligned along the microscope optical axis, and the axes *x* and *y* were directed along the polarization directions of the polarizer and analyzer.

The Ch pseudolayers exhibited two types of packing ([Fig. 1](#F1){ref-type="fig"}). Within a subsurface region (adjacent to the droplet surface), the pseudolayers formed a closed spherical shell with a thickness \~*P*. Further away from the surface, an ellipsoidal shell was formed. In [Fig. 1A](#F1){ref-type="fig"}, the long axis of the ellipsoidal shell is labeled as the axis OO′. In the droplet interior, the Ch pseudolayers were flattened and elongated along the OO′ axis. We introduce an axis HH′ of the helicoidal director twist perpendicular to the pseudolayers in the droplet center ([Fig. 1A](#F1){ref-type="fig"}). When the OO′ and HH′ axes were perpendicular to the *z* axis, the POM texture of the droplets revealed both the ellipsoidal subsurface packing and the flattened pseudolayers ([Fig. 1, B and C](#F1){ref-type="fig"}). When the HH′ axis was parallel to the *z* axis, we observed the subsurface ellipsoidal packing, and the central part with flattened pseudolayers appeared as a solid ellipse ([Fig. 1, D and E](#F1){ref-type="fig"}).

![NP-free Ch-CNC droplets.\
3D (**A**) and cross-sectional schematics (**B** and **D**) and corresponding POM images (**C** and **E**) of the Ch-CNC droplets, with the OO′ and HH′ axes perpendicular to the *z* axis (B and C) and the HH′ axis parallel to the *z* axis (D and E). The light gray rings and dark blue rods in (A) represent the Ch-CNC pseudolayers and the CNCs, respectively. The dashed and dotted lines in (B) and (D) represent the CNC pseudolayers. In (C) and (E), φ~0~ = 4.3 × 10^−2^. Scale bars, 10 μm.](aav1035-F1){#F1}

Organization of guest NPs in the Ch-CNC host droplets
-----------------------------------------------------

We explored the organization of NPs in the Ch-CNC droplet host using 184-nm-diameter surfactant-free negatively charged latex NPs with electrokinetic potential of −41 ± 6 mV (measured in deionized water). A macroscopic Ch-CNC suspension was mixed with carboxylated fluorescein isothiocyanate (FITC)--labeled polystyrene NPs (fig. S1B) and emulsified in the microfluidic droplet generator ([@R40]). [Figure 2](#F2){ref-type="fig"} (A to J) shows the NP morphologies in the Ch-CNC droplets with φ~0~ = 4.3 × 10^−2^ and latex volume fraction φ~NP~ varying from 5.5 × 10^−4^ to 1.1 × 10^−3^ (a large population of droplets is shown in fig.S3). [Figure 2](#F2){ref-type="fig"} (left to right) shows the schematic, the fluorescence microscopy, the POM, and the merged images of the composite NP/Ch-CNC droplets. At φ~NP~ = 1.1 × 10^−4^, the organization of NPs in the droplets resulted in a dominant bipolar (BP) morphology. The NPs enriched two opposite regions with a conical shape, which were located at the droplet poles in the transition region between the flattened and ellipsoidal Ch-CNC pseudolayers. These two regions were located at the OO′ axis ([Fig. 2, A to E](#F2){ref-type="fig"}). The mean diameter of the NP inclusions was invariant at 6.2 ± 0.9 μm, when φ~NP~ increased from 1.1 × 10^−4^ to 5.5 × 10^−4^.

![Self-assembly of NPs in the Ch-CNC droplets.\
Schematics of the composite latex NP/Ch-CNC droplets with BP (**A**), TR (**F**), and core-shell disclination (CSD) (**K**) assemblies of the NPs. Representative fluorescence microscopy (**B, G,** and **L**), POM (**C**, **H**, and **M**), and merged (**D**, **I**, and **N**) images of the same NP/Ch-CNC droplet. (**E**, **J**, and **O**) 3D confocal fluorescence microscopy images of the NP assemblies with BP (E), TR (J), and CSD (O) structure. φ~NP~ is 5.5 × 10^−4^ in (B) to (E) and 1.1 × 10^−3^ in (G) to (O). φ~0~ = 4.3 × 10^−2^. Ch pseudolayers form flat-ellipsoidal structures in (A) to (J). Scale bars, 10 μm. Left: Orientation of the OO′ and HH′ axes (as in [Fig. 1](#F1){ref-type="fig"}) and the corresponding notations for the orientation of the OO′ and HH′ axes with respect to the *z* axis (the optical axis of the microscope). The dashed and dotted lines and green deposits represent the CNC pseudolayers and latex NPs, respectively.](aav1035-F2){#F2}

With φ~NP~ increasing from 1.1 × 10^−4^ to 2.2 × 10^−3^ ([Fig. 2](#F2){ref-type="fig"}, middle row), the NP assembly expanded by bridging the cone-like regions with a ring ([Fig. 2, F to J](#F2){ref-type="fig"}), thus transforming the BP assembly into a TR structure with the two antipodal regions of conical shape ("handles"). The ring represented the region, in which the flattened pseudolayers in the droplet interior were perpendicular to the ellipsoidal pseudolayers in the shell. The ring's plane was perpendicular to the HH′ axis ([Fig. 2, F to J](#F2){ref-type="fig"}). The TRs had an ellipsoidal shape with the long and short axes of 13.1 ± 1.3 and 11.8 ± 1.1 μm, respectively. The mean diameter of the handles increased from 4.1 ± 0.7 to 6.8 ± 1.3 μm for φ~NP~ increasing from 1.1 × 10^−4^ to 2.2 × 10^−3^, respectively. The BP and TR assemblies of latex NPs did not change the flat-ellipsoidal geometry of the Ch-CNC host droplet, which was identical to that of the latex-free Ch-CNC droplets (shown in [Fig. 1, C and E](#F1){ref-type="fig"}).

Interactive morphogenesis in NP-laden droplets
----------------------------------------------

At higher latex NP loading of φ~NP~ ≥ 5.5 × 10^−4^, not only the Ch-CNC acted as a template for the NP assembly but also NPs affected the organization of Ch-CNC pseudolayers, that is, a new droplet morphology became prevalent. Thus, we observed interactive morphogenesis in the NP/Ch-CNC droplets: the Ch-CNC pseudolayer packing changed from the flat-ellipsoidal geometry to the core-shell structure, with a shell of concentrically packed Ch-CNC pseudolayers surrounding an isotropic core and disclination lines piercing the shell ([Fig. 2, K to O](#F2){ref-type="fig"}). In these droplets, the latex NPs assembled in the ellipsoidal-shaped isotropic region in the droplet center and in the disclination lines ([Fig. 2, K to O](#F2){ref-type="fig"}, and fig. S3A), thus exhibiting a core-shell disclination (CSD) morphology. Along the disclinations, the periodic 1D arrays of micrometer-large NP inclusions had the period equal to *P*/2. We note that the core-shell droplet morphology and the CSD assembly were previously observed only for large *\~*100-μm-diameter Ch-CNC droplets ([@R23]), in which the CNCs were in both the isotropic cores and the Ch shells (fig. S4). As φ~NP~ further increased to 1.19 × 10^−2^, the minor and the major diameters of the central NP-rich core increased from 6.8 ± 2.0 to 13 ± 1.4 μm and from 9.8 ± 3.2 to 15.6 ± 1.3 μm, respectively, due to the stronger phase separation between the CNCs and the NPs with increasing latex NP content in the Ch-CNC suspension (fig. S5).

For a particular φ~NP~ and φ~0~ combination, we observed the coexistence of NP/Ch-CNC droplets with different morphologies ([Fig. 3A](#F3){ref-type="fig"}). For example, for φ~0~ = 4.3 × 10^−2^ and φ~NP~ = 1.1 × 10^−4^, we observed a mixture of droplets with only BP and TR assemblies of NPs. When φ~NP~ was increased to 5.5 × 10^−4^, in addition to BP and TR modes, \~30% of the assemblies had a CSD morphology. At φ~NP~ ≥ 5.2 × 10^−3^, we observed only the CSD organization of NPs. The state diagram plotted in the φ~NP~-φ~0~ coordinates in [Fig. 3B](#F3){ref-type="fig"} shows the dependence of the NP assembly mode on the relationship between CNC and NP concentrations. At the low φ~NP~/φ~0~ ratios in the range of 0.013 \< φ~NP~/φ~0~ \< 0.018, the BP, TR, and CSD morphologies coexisted, with the BP and TR assemblies being dominant. Increase of φ~NP~/φ~0~ resulted in a transition from the BP to the TR assembly. At φ~NP~ ≥ 5.2 × 10^−3^, only the CSD organization of NPs was observed in the entire range of φ~0~ studied.

![Analysis of droplet morphologies.\
(**A**) Distribution of the populations of droplets with BP, TR, and CSD assemblies of NPs. For each sample, at least, 300 droplets were analyzed. φ~0~ = 4.3 × 10^−2^ in all the samples. (**B**) State diagram of the morphologies of NPs in the Ch-CNC droplets.](aav1035-F3){#F3}

The sequence of transformations in NP and CNC organization with increasing φ~NP~ is shown schematically in [Fig. 4](#F4){ref-type="fig"}, in which the regions of NP assemblies and the Ch-CNC pseudolayers are marked with green and gray colors, respectively. The label above each schematic specifies the corresponding Ch-CNC pseudolayer packing mode (red) and the NP assembly mode (blue). The NPs assembled in the regions with the strongest distortion of the director and the Ch order, in accordance with the mechanism demonstrated by Voloschenko *et al.* ([@R9]). The most unexpected feature was the NP-governed transition in the droplet morphology, that is, the change in the Ch-CNC pseudolayer packing from the flat-ellipsoidal to the core-shell (concentric) mode.

![Morphogenesis in the Ch-CNC host droplets and NP assemblies.\
(**A**) Flat-ellipsoidal/BP. (**B**) Flat-ellipsoidal/TR. (**C**) Core-shell/CSD. Gray planes represent the Ch-CNC pseudolayers. Green color marks latex NP assemblies. Labels above each schematic show the corresponding Ch-CNC packing mode (red font) and the NP assembly mode (blue font). To illustrate NP assembly, the schematics does not show the continuous twist of the CNCs.](aav1035-F4){#F4}

To explain the structural transitions observed in our work for the NP/Ch-CNC droplets, we consider an inclusion of a size *R~P~* formed by the NPs in a Ch droplet. This inclusion will eliminate the orientational order of the LC in a volume $\left. V_{p} \right.\sim R_{p}^{3}$. The resulting change in the free energy is ([@R9])$$\Delta E = - E_{v} + E_{\text{si}} + E_{\text{sa}} + E_{\text{ind}}$$where $\left. E_{v} \right.\sim\mathit{KR}_{p}^{3}/\xi^{2}$ is the elastic energy of the director deviations from the ideal Ch order in the volume *V~p~* eliminated by the inclusion, *K* is the average Frank elastic constant (for the sake of simplicity, director distortion modes are not treated separately), and ξ is the characteristic length of the regions, in which the director deviates from the unperturbed Ch order (not to be confused with the nematic correlation length). *E*~si~ is the isotropic surface tension energy associated with the interface between the NPs and the Ch phase, *E*~sa~ is the anisotropic surface anchoring energy of the same interface, and *E*~ind~ is the energy of additional distortions induced by the inclusion. As follows from [Eq. 1](#E1){ref-type="disp-formula"}, the energetically preferred location of the inclusions would be the one that eliminates the LC region with the highest distortions. The corresponding energy gain $\left. E_{v} \right.\sim\mathit{KR}_{p}^{3}/\xi^{2}$ increases as the director gradients ∝1/ξ become stronger. In contrast, there is no energy gain, if the inclusion is placed in the uniform Ch structure, then *E~v~* \~ 0.

Let us discuss first, how [Eq. 1](#E1){ref-type="disp-formula"} can explain appearance of conical NP inclusions along the axis OO′. In these regions, the peripheral ellipsoidal pseudolayers meet the flattened pseudolayers in the interior in a perpendicular fashion ([Fig. 4A](#F4){ref-type="fig"} and fig. S6). Besides the mismatch in the orientation of pseudolayers, these locations also correspond to singularities of the director field in each of the ellipsoidal Ch pseudolayers. A director field tangential to an ellipsoidal surface features topological defects of a total strength of 2 ([@R6]). Figure S6 illustrates the director field in one of the Ch-CNC pseudolayers as red lines encircling the cores of the two defects of charge +1, each, with the cores aligned along the OO′ axis (shown as the green cones in [Fig. 4A](#F4){ref-type="fig"}). We associate these cores along the OO′ axis with the regions in which the NPs accumulate first, thus forming the BP assemblies with two compact cone-like inclusions of a typical size *R~p~* \~ *P* . The main term in [Eq. 1](#E1){ref-type="disp-formula"} that describes conical NP assemblies along the OO′ axis ([Fig. 4A](#F4){ref-type="fig"}) is the elastic gain term, $\left. E_{v} \right.\sim\mathit{KR}_{p}^{3}/\xi^{2}$, because ξ achieves its smallest value, on the order of *P*, in the regions of mismatch of pseudolayers orientation and director singularities; while in the rest of the system, ξ is larger. The term *E~ind~* is less significant, as the overall configuration of Ch pseudolayers is preserved. The surface terms *E~si~* and *E~sa~* are also not significant as they do not considerably change when the NP inclusion is moved within the Ch droplet. The size of these two conical assemblies is limited from above, as their enlargement above the typical size \~*P* would increase the surface energy terms in [Eq. 1](#E1){ref-type="disp-formula"}, since the interfacial area grows as the square of the inclusion's size and cause additional deformations in the surrounding Ch pseudolayers, thus increasing *E~ind~*.

As follows from the experiments ([Fig. 2, G to J](#F2){ref-type="fig"}), when φ~NP~ increases to be in the range of 5.5 × 10^−4^ to 1.1 × 10^−3^, the NPs accumulate not only in the conical centers but also along the rest of the TR, where the flattened and ellipsoidal Ch pseudolayers meet each other (fig. S6). To understand this feature using [Eq. 1](#E1){ref-type="disp-formula"}, the shape of the NP assembly can be modeled as a solid torus (the term "solid" is used in the topological sense to stress that the interior of the torus is filled with NPs; however, physically, these interiors are soft). A solid torus can be characterized by two radii: the radius of a small disk *R*~small~ (which measures how "thick" the torus is) and the large radius *R*~large~ (which specifies how "wide" the torus is). The gain in the elastic energy caused by the assembly of NPs in the torus is on the order of $\left. E_{v}^{\text{ring}} \right.\sim\mathit{KR}_{\text{small}}L_{\text{ring}}/\xi$, where *R*~small~ \~ ξ \~ *P*, *L*~ring~ = 2π*R*~large~, and *L*~ring~ is the length of the torus along its circular axis. Thus, [Eq. 1](#E1){ref-type="disp-formula"} suggests that the formation of conical and ring assemblies of NPs is driven by the gain in the elastic energy that occurs whenever a strongly distorted region of an LC is replaced by a foreign material, as previously reported for inclusions in thermotropic LCs ([@R9]).

Upon further addition of NPs and a transformation from the flat-ellipsoidal to the core-shell droplet morphology, the transformation of the TR assembly of NPs into the CSD assembly is associated with the contributions of the *E*~si~, *E*~sa~, and *E*~ind~ terms in [Eq. 1](#E1){ref-type="disp-formula"}. The collapse of the ring into an ellipsoidal core reduces the Ch-CNC/NP interface and thus decreases the isotropic surface tension energy *E*~si~. Moreover, one also expects a decrease in the anchoring energy *E*~sa~ upon such a transformation, because in the CSD assembly, the director is tangential to the Ch-CNC/NP interface, which is the preferred CNC alignment ([@R20], [@R23]). In the cases of BP and TR assemblies, the tangential surface alignment of the director is difficult to achieve, since at least, some of the Ch-CNC pseudolayers cross the assemblies in a perpendicular fashion (fig. S6). The core-shell droplet morphology implies the presence of disclinations in the Ch shell. These disclinations attract NPs and form periodic linear arrays of NPs along their cores, as observed in [Figs. 2](#F2){ref-type="fig"} (L to O) and [4C](#F4){ref-type="fig"}, in agreement with the previous work ([@R20]).

Loading of magnetic NPs in guest Ch-CNC droplets
------------------------------------------------

To expand the functionality of the NP-laden droplets and explore interactive morphogenesis of NP guests and the Ch-CNC host in greater details, we introduced \~100-nm-diameter superparamagnetic Fe~3~O~4~ NPs stabilized with polyacrylic acid (fig. S7) in the Ch-CNC phase and generated composite droplets by the microfluidic emulsification. After 3-day equilibration at φ~NP~ = 9.7 × 10^−4^, the TR assembly ([Fig. 5](#F5){ref-type="fig"}, A-A″ and B-B″) of the NPs was dominant (60.5%), with 16.6 and 22.9% of the NPs exhibiting the BP and CSD assemblies, respectively. Depending on the viewing direction, the TR assembly in the droplets appeared either as an elongated cylinder (when OO and HH′ were both perpendicular to the *z* axis) ([Fig. 5A′](#F5){ref-type="fig"}) or as an elliptical ring with handles (HH′‖*z* axis), as shown in [Fig. 5B′](#F5){ref-type="fig"}. At a higher NP loading of φ~NP~ = 1.9 × 10^−3^, 100% of the droplets exhibited a core-shell morphology ([Fig. 5, C to C″](#F5){ref-type="fig"} and fig. S8). Since this behavior was similar for the latex and Fe~3~O~4~ NPs, we speculate that interactive morphogenesis is general for negatively charged NPs with dimensions of 100 to 200 nm, which are compartmentalized in the Ch-CNC droplets.

![Interactive morphogenesis in Ch-CNC droplets laden with magnetic NPs.\
Representative schematic (**A** to **C**) and corresponding bright-field (**A′**, **B′**, and **C′**) and POM (**A″**, **B″**, and **C″**) images of the Ch-CNC droplets loaded with Fe~3~O~4~ NPs with TR (A′, A**″** and B′, B**″**) and CSD (C′ and C**″**) assemblies. φ~NP~ = 9.7 × 10^−4^ and 1.9 × 10^−3^ in (A′ to B**″**) and in (C′) and (C**″**), respectively. No magnetic field is applied. Representative schematic (**D** and **E**) and corresponding bright-field (**D′** and **E′**) and POM (**D″** and **E″**) images of the Ch-CNC droplets loaded with Fe~3~O~4~ NPs at φ~NP~ = 9.7 × 10^−4^ and exposed to a 0.35-T magnet for 3 days. φ~0~ = 4.3 × 10^−2^ in all the samples. Scale bars, 10 μm. Top row shows the orientation of the OO′ and HH′ axes (as in [Fig. 1](#F1){ref-type="fig"}) and the corresponding notations for the orientation of the OO′ and HH′ axes with respect to the *z* axis (the optical axis of the microscope). Dashed lines and dotted lines and green deposits represent the CNC pseudolayers and NPs, respectively. (**F**) *Z*-stack fluorescence microscopy images of the Ch-CNC droplets shown in (D) and (E). The 0-μm position corresponds to the central plane of the droplets, and the images were taken on the top (negative values) to the bottom (positive values) of this plane. φ~NP~ = 9.7 × 10^−4^ and φ~0~ = 4.3 × 10^−2^ in all the samples. Scale bars, 10 μm.](aav1035-F5){#F5}

Subsequently, we explored the effect of the magnetic field on the Ch-CNC droplets laden with Fe~3~O~4~ NPs. Under the action of the magnetic field, we observed two phenomena that depended on the field strength and the time of its application. First, within the droplets, the Fe~3~O~4~ NPs moved from the BR, TR, and CSD defects to the droplet side adjacent to the magnet. Because of the high viscosity of the Ch-CNC suspension, this motion was slow: Under 0.35-T field, the accumulation of NPs on the droplet side facing the magnet took \~3 days. Second, the NP-laden droplets moved toward to the magnet with the average velocity of \~400 μm/s.

A permanent magnetic field (0.35 T) was applied for 3 days to the emulsion of Ch-CNC droplets laden with Fe~3~O~4~ NPs at φ~NP~ = 9.7 × 10^−4^. Under these conditions, the droplets moved to the side of the fluid cell that was adjacent to the magnet and formed a close-packed 3D array (fig. S9). Within the droplets, the NPs transferred to the droplet side ([Fig. 5, D to D″ and E to E″](#F5){ref-type="fig"}) facing the magnet, thus assembling at a single droplet pole ([Fig. 5F](#F5){ref-type="fig"} and fig. S10). Within this region, the NPs were localized in curved layers in the droplet subsurface, as shown in [Fig. 5D′](#F5){ref-type="fig"} (OO and HH′ꓕz axis) and E′ (HH′‖z). After removing the magnetic field, within 21 days, this NP assembly did not relax to the BP or TR type.

Following magnetically triggered NP transfer to the single pole of the droplet, the core-shell morphology of the Ch-CNC host ([Fig. 5, C′ and C″](#F5){ref-type="fig"}) changed to the flat-ellipsoidal morphology ([Fig. 5, D″ and E″](#F5){ref-type="fig"}), thus reversing interactive morphogenesis. We note that the textural appearance of the host Ch-CNC droplets and assemblies of magnetic NPs depended on their orientation with respect to the optical axis of the microscope. When the OO′ and HH′ axes were perpendicular to the *z* axis ([Fig. 5D](#F5){ref-type="fig"}), the POM texture of the droplets revealed both the ellipsoidal subsurface packing and the flattened pseudolayers, with the layers of magnetic NP arrays covering the subsurface layer, thus forming a magnetic NP pole ([Fig. 5, D′ and D″](#F5){ref-type="fig"}). When the HH′ axis was parallel to the *z* axis, the subsurface ellipsoidal packing was observed, and the ellipsoidal central part with flattened pseudolayers was observed, with magnetic NP layers decorating the subsurface layer on the droplet side ([Fig. 5, E′ and E″](#F5){ref-type="fig"}).

Dynamic assembly of Ch-CNC droplets laden with magnetic NPs
-----------------------------------------------------------

To study the dynamic assembly of the Ch-CNC droplets with different locations of magnetic Fe~3~O~4~ NPs at φ~NP~ = 9.7 × 10^−4^, a sealed fluid cell with the emulsion of droplets was introduced in the magnetic field, which was generated by two permanent magnets (0.35 T) separated with a distance of \~5.5 cm. Within 10 min, we observed two types of magnetically induced assembly of the NP/Ch-CNC droplets, namely, their organization in linear and staggered chains. During the course of droplet assembly, no noticeable motion of magnetic NPs within the droplets was observed.

We first explored the assembly of NP/Ch-CNC droplets with BP, TR, and CSD morphologies (shown in [Fig. 5, A to C](#F5){ref-type="fig"}). Without the magnetic field, these Ch-CNC droplets were randomly dispersed in the fluid cell. Under a magnetic field, the Fe~3~O~4~ NPs in the droplets were magnetized, and the major axis of the BP, TR, and CSD assemblies became parallel to the direction of the magnetic field, thus resulting in the movement of the droplets toward to the magnet. During this movement, because of the attraction between the magnetic dipoles of the droplets, they formed short linear chains. As individual droplets and droplet chains were approaching the magnet, the emulsion became more concentrated, and the length of the linear chains gradually increased. In the chains, within 10 to 20 min, magnetic NP assemblies retained their BP, TR, and CSD morphologies in the neighboring droplets and were facing each other in the direction parallel to the long axis of the chains ([Fig. 6, B and C](#F6){ref-type="fig"}, and fig. S11, A and B). We observed no noticeable change in the texture of the Ch-CNC droplets. When the magnetic field was removed, the chains lost their integrity, and the droplets were dispersed in the F-oil in \~5 min.

![Different models of assembly of Ch-CNC droplets laden with Fe~3~O~4~NPs under magnetic field.\
(**A** to **C**) Schematic and corresponding bright-field (B) and POM (C) images of chains formed by Ch-CNC droplets with BP and TR assemblies of NPs. Droplets with the CSD assembly of NPs showed similar assembly in linear chains and are not shown. (**D** to **F**) Schematic and corresponding bright-field (E) and POM (F) images of staggered chains formed by Ch-CNC droplets loaded with magnetic NPs that were localized in the subsurface layer on one side of the droplets. φ~NP~ = 9.7 × 10^−4^ and φ~0~ = 4.3 × 10^−2^. Scale bars, 20 μm. HH′ axis was parallel to the *z* axis in (C and F).](aav1035-F6){#F6}

We explored the second type of dynamic assembly for the Ch-CNC droplets laden with Fe~3~O~4~ NPs localized at the single droplet pole ([Fig. 5](#F5){ref-type="fig"}, D′ to E″). Because of the attraction of magnetic dipoles, the droplets interacted with each other with the formation of staggered chains moving toward to the magnet. Within the chains, the magnetic NP assemblies of the adjacent droplets faced each other but pointed in alternating directions ([Fig. 6, E and F](#F6){ref-type="fig"}). The NP assemblies were oriented parallel to the direction of the magnetic field, in contrast to their perpendicular orientation in individual droplets (shown in [Fig 5, D to F](#F5){ref-type="fig"}), since parallel orientation along the field direction provided the strongest attractive interactions between the NP assemblies in droplet chains, in agreement with earlier observations for iron oxide--capped Janus particles ([@R41]). The organization of magnetic NPs and the texture of Ch-CNC droplets remained constant during the droplet assembly process. While approaching the magnet, short staggered droplet chains attracted individual droplets to form longer assemblies (fig. S11, C and D). When the magnetic field was removed, the chains of Ch-CNC droplets disassembled within 5 min.

We note that the magnetically driven assembly of the Ch-CNC droplets laden with Fe~3~O~4~ NPs (shown in [Fig. 6](#F6){ref-type="fig"}) has features that make it distinct from the assembly of solid particles with magnetic patches ([@R41]--[@R44]). The soft nature of the Ch-CNC host and the transformations of the topological defects (NP templates) render the ability to deform and manipulate NP-laden droplets by magnetic forces, thus paving the way for the preparation of complex functional soft materials and devices ([@R45]--[@R47]). The ease of loading NPs in these droplets opens the door for new approaches to dynamic reactors ([@R47]) and patchy droplets with complex shapes ([@R47]). In addition, the inherent properties of an LC in the droplets may lead to assemblies with new collective functions, such as cross-communications ([@R48]).

CONCLUSIONS
===========

In conclusion, we demonstrated interactive morphogenesis of NP assemblies and Ch liquid crystalline order of CNCs within spherical microdroplets. The initial, NP-free Ch droplets showed a flat-ellipsoidal packing of Ch pseudolayers. At the relatively low NP loading, this Ch packing guided the assembly of the guest NPs to the regions of the highest distortions of the orientational order, thereby producing cone-shaped NP assemblies at the droplet poles and, at a somewhat higher NP loading, TR NP assembly. Further increase in NP loading resulted in a marked reconstruction of the morphology of the Ch-CNC host itself: The flat-ellipsoidal packing of the Ch-CNC pseudolayers changed to the concentric spherical Ch packing. The NPs in these concentric structures partitioned into the droplet core and in the disclinations in the Ch shell. The interactive morphogenesis was generic for both polymeric and inorganic magnetic NPs. We transformed the core-shell morphology of the Ch-CNC host back to the planar-ellipsoidal morphology by magnetically triggered NP transfer to a single droplet pole, thus reversing interactive morphogenesis.

Partitioning of NPs into the regions with strongly distorted director is reminiscent of a similar effect ([@R9], [@R31], [@R36]--[@R39]) for thermotropic LCs, in which the defect cores served as locations that attract non-LC inclusions. In these works, the LC structure controlled the guest NP assembly; however, it did not significantly change as a result of this assembly. More generally, reports published, so far, indicate that various liquid crystalline templates, both thermotropic ([@R9]--[@R12], [@R36]--[@R38], [@R49]) and lyotropic ([@R20], [@R23]) that were used for colloidal assembly at the nanoscale and microscale, are relatively insensitive structures: They determine the shape of assemblies but do not change significantly in this process. Our study presents an example of interactive morphogenesis, in which the NP assembly markedly modifies the liquid crystalline host as the content of NPs in the system increases. We are not aware of any report on a similar effect in the thermotropic LCs. One explanation might invoke the difference in the building units (molecules versus nanocrystals). However, [Eq. 1](#E1){ref-type="disp-formula"} suggests that there are no fundamental reasons to prohibit such an interactive morphogenesis in the thermotropic LCs loaded with NPs; whether it could be observed or not would depend on the specific material properties, such as elastic constants, interfacial tension, and surface anchoring.

We also demonstrate that the soft nature of the Ch-CNC host enables magnetic field manipulation of the NP assemblies and transfer of the magnetic NPs to different locations in the droplet, yielding two different modes of droplet assembly, namely, linear and staggered chains. The interplay between the structure of the host Ch-CNC droplet and the NP organization represents a new approach to programmable NP assemblies with different compositions, shapes, and dimensions. The utilization of the Ch-CNC lyotropic LC expands the range of architectures and compositions realized in soft nanostructured materials.

MATERIALS AND METHODS
=====================

Materials
---------

An aqueous suspension of CNCs (11.8 wt %) was supplied by the Process Development Center of the University of Maine. The CNCs (fig. S1A) with an average length *L* and diameter *D* of 176 ± 36 and 21 ± 6 nm, respectively, were obtained by acid hydrolysis of wood pulp. The polydispersity of the CNC diameter and length were 20 and 29%, respectively, determined by the analysis of their transmission electron microscopy (TEM) images. To suppress CNC aggregation, a dilute 0.01 wt % suspension of CNCs was drop-cast on a TEM grid that was treated by oxygen plasma for 10 s. The TEM images were obtained using a Hitachi HT7700 microscope at 85 kV. In fig.S1A, several individual CNCs are marked with white boxes. The size measurement positions on an individual CNC is shown in inset of fig.S1A. The CNC length and the diameter were characterized by measuring the dimensions of 100 CNCs using the ImageJ software. The electrokinetic potential of the CNCs was −47 ± 9 mV.

The FITC-labeled polystyrene latex NPs (184 nm, Fluoresbrite YG Carboxylate Microspheres) were purchased from Polysciences. The polydispersity and electrokinetic potential of the NPs was 3.6% and --41 ± 6 mV, respectively. The magnetite NPs were supplied by Chemicell. The size of the magnetic NPs and the electrokinetic potential of the NPs were 100 nm and −30 ± 6 mV, respectively, in water measured by Zetasizer (Malvern). The volume fraction of magnetic NPs was calculated using the density of magnetic NPs of 5.18 g/cm^3^. Fluorinated oil HFE-7500 3M Novec was purchased from MG Chemicals. The perfluoropolyether-*co*-poly(ethylene oxide-*co*-polypropylene oxide)-*co-*perfluoropolyether copolymer \[PFPE-P(EO-PO)-PFPE\] was synthesized, as described elsewhere, and used as a surfactant ([@R50]). The photoresist SU-8 was supplied by MicroChem. Poly(dimethylsiloxane) (PDMS; Sylgard 184) was purchased from Dow Corning. All other chemicals were purchased from Aldrich Canada.

A CNC suspension (10 ml) with CNC concentration varying from 5 to 7 wt % (or volume fraction from 3.3 × 10^−2^ to 4.6 × 10^−2^) was introduced into a glass vial with a diameter of 2.5 cm. The volume fraction of CNCs was calculated using the density of CNCs of 1.566 g/cm^3^ ([@R51]). The volume of an individual CNC, *v*~CNC~ was calculated as $v_{\text{CNC}} = \pi\left( \frac{D}{2} \right)^{2}L$, by assuming a cylindrical shape of CNCs. Following equilibration for 21 days, the CNC suspension was phase-separated into a top isotropic phase and a bottom Ch phase. Following phase separation, the Ch phase was removed from the vial with a syringe using a 22-gauge needle.

Fabrication of microfluidic devices
-----------------------------------

The flow-focusing microfluidic droplet generator was fabricated in PDMS. Photoresist SU-8 masters were prepared by photolithography on the silicon wafers. After fabrication, the devices were maintained in an oven at 140°C for 12 hours to increase the hydrophobicity of the microchannel surface. The dimensions of the microfluidic device are shown in fig. S2.

Preparation of Ch-CNC droplets loaded with latex NPs and magnetic NPs
---------------------------------------------------------------------

A mixture of the Ch-CNC suspension and latex NPs was emulsified in the flow-focusing microfluidic droplet generator (fig.S2) ([@R40]) using a syringe pump (Harvard Apparatus PHD 2000 Syringe Pump, USA). A mixture of 50 μl of NP dispersion with NP concentration from 1.1 × 10^−3^ to 1.19 × 10^−1^ and 450 μl of the Ch-CNC phase was prepared by shaking at 50 Hz for 2 min at 25°C in a vortex mixer and immediately supplied to the microfluidic droplet generator as a droplet phase. Fluorinated oil HFE-7500 mixed with 0.5 wt % of the copolymer surfactant (denoted as F-oil) was supplied to the microfluidic device as a continuous phase by using the second syringe pump (PHD 2000 Harvard Apparatus, USA). The flow rate of F-oil and the Ch-CNC/NP mixture were 0.2 and 0.02 ml/hour, respectively. The droplets were collected in a 2-ml vial and transferred into a cell consisting of two parallel glass slides separated with a 400-μm-thick spacer. The cell was sealed with epoxy glue, and the droplets were equilibrated for 3 days.

The procedure of the generation of the NP-free Ch-CNC droplets was similar to the protocol of the preparation of the Ch-CNC/NP droplets. Deionized water (50 μl) was added to 450 μl of the Ch-CNC phase to achieve the same concentration of CNCs in both cases. The suspension was mixed at 50 Hz for 2 min at 25°C in a vortex mixer and, subsequently, emulsified in the microfluidic device.

The method of preparation of Ch-CNC droplets loaded with magnetic NPs is similar to the procedure of generation of the Ch-CNC droplets loaded with latex NPs. Instead of using latex NPs, a mixture of 50 μl of magnetic NP dispersion with NP volume fraction from 9.7 × 10^−3^ to 1.9 × 10^−2^ and 450 μl of the Ch-CNC phase was prepared by shaking at 50 Hz for 2 min at 25°C in a vortex mixer and immediately supplied to the microfluidic droplet generator as a droplet phase.

Phase separation in the macroscopic mixed suspension of CNCs and latex NPs
--------------------------------------------------------------------------

A mixture of the Ch-CNC phase (2.7 ml, φ~0~ = 4.8 × 10^−2^) and the dispersion of 184-nm FITC-labeled latex NPs (300 μl, φ~NP~ is from 0 to 1.19 × 10^−1^) was shaken at 50 Hz for 3 min at 25°C in a vortex mixer. The volume fractions of the latex NPs and CNCs in the mixed suspension were 0 to 1.19 × 10^−2^ and 4.3 × 10^−2^, respectively. A mixture (3 ml) of the Ch-CNC phase and latex NPs was introduced into a glass vial and equilibrated for 35 days. Following equilibration for 35 days, the suspension was phase-separated into a top latex-rich isotropic phase and a bottom CNC-rich Ch phase (fig. S5). The images of these phases were acquired using a Nikon D7200 camera. The heights of the two phases were determined by analyzing the images using the software ImageJ. The SD in determining the heights of the isotropic and Ch phases did not exceed 0.1 mm.

Characterization of droplets
----------------------------

The bright-field, POM, and fluorescence microscopy images were taken on an optical microscope (Olympus BX51) in the transmission mode. The diameters of the droplets and the pitch of the Ch phase in the droplets were measured using the software ImageJ. The Z-stack fluorescence images of the Ch-CNC droplets loaded with FITC-labeled latex NPs were taken by a Zeiss LSM 710 confocal microscope. The dimensions of the NP assemblies were characterized by measuring their geometric mean diameter, which was calculated by measuring two orthogonal diameters, and finding the square root of their product.
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Fig. S1. TEM characterization of CNCs and latex NPs.

Fig. S2. Optical microscopy images of the Ch-CNC/NP droplets generated in the MF flow-focusing droplet generator.

Fig. S3. Characterization of the Ch-CNC droplets loaded with latex NPs.

Fig. S4. Characterization of the NP-free Ch-CNC droplets.

Fig. S5. Phase separation of mixtures of Ch-CNC suspension and latex NPs.

Fig. S6. Schematic of the flat-ellipsoidal droplet structure of the Ch-CNC droplets.

Fig. S7. TEM images of magnetic Fe~3~O~4~ NPs.

Fig. S8. Characterization of the Ch-CNC droplets loaded with magnetic NPs.

Fig. S9. 3D assemblies of the Ch-CNC droplets loaded with Fe~3~O~4~ NPs.

Fig. S10. Characterization of the Ch-CNC droplets with the layers of magnetic NP.

Fig. S11. Two models of assembly of the Ch-CNC droplets laden with Fe~3~O~4~ NPs under the magnetic field.
